AMERICAN METEOROLOGICAL SOCIETY | T rends in the accuracy of tropical cyclone track forecasts issued by the National Hurricane Center (NHC) have been the subject of recent studies by McAdie and Lawrence (2000) and Powell and Aberson (2001) . McAdie and Lawrence found that official NHC track forecasts over the period 1970-98 improved at an annual average rate of 1.0%, 1.7%, and 1.9% for the 24-, 48-, and 72-h forecast periods, respectively, for the Atlantic basin as a whole. They also found that each of these trends was statistically significant at the 95% confidence level. Powell and Aberson, noting that "although these trends (were) promising, neither forecast landfall position nor time error trends (had) been quantified," examined inferred landfall forecasts at time periods roughly 12, 24, 36, 48, and 60 h prior to landfall. They showed that none of the NHC landfall location error trends, and only the 24-h landfall timing error trend, showed a statistically significant improvement. Powell and Aberson attributed the overall apparent lack of improvement in landfall forecast errors to a "conservative least-regret" forecast philosophy for storms threatening to make landfall, or to deficiencies in numerical models or the observing network in the Caribbean and Central America.
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It would be tempting to conclude from the results of Powell and Aberson that the accuracy of NHC forecasts close to the United States has not followed the basinwide trends reported by McAdie and Lawrence. However, differences in verification methodology between the two studies make such a conclusion problematic. The present study attempts to bridge the gap between these two verification methodologies by posing two questions: what are the long-term trends of NHC forecast errors for storms threatening the coastline, and are these forecast trends detectably different from basinwide trends? | Although Powell and Aberson restricted their analysis to forecast tracks making landfall or passing within 75 km of the coastline, we prefer to take a broader view and consider tropical cyclones threatening land, whether or not a landfall is specifically forecast. This is motivated by the recent example of Hurricane Michelle, an extremely dangerous 120-kt hurricane in the northwestern Caribbean during November 2001. NHC official forecasts for Michelle called for the hurricane to turn away after approaching to within 140 km of the Florida Keys. Due to the anticipated close approach, and the extent of hurricane force winds from the center, a hurricane warning was issued for the Keys. Interest on the part of emergency managers and the general public was extremely high for this event, and evacuations were ordered, even though no (U.S.) landfall was ever forecast.
To identify tropical cyclone threats, one could use a "distance to land/direction of motion" threshold. This would be extremely complex computationally, especially if one wanted to include the effects of storm size. A simpler method that implicitly includes these effects is to consider those periods when watches or warnings (either hurricane or tropical storm) were in effect.
1 Although inadequate for some purposes, the watch/warning process is one of the primary mechanisms through which the meteorology of the official forecast triggers actions on the part of the general public. For the remainder of this discussion then, we will define a "land-threatening" tropical cyclone as one for which watches or warnings are in effect.
Although we focus later on the accuracy of NHC forecasts issued during the watch/warning period, one can just as well evaluate forecasts that verify during the watch/warning period. Both sets of forecasts are reasonably described as representing land-threatening storms, but the two datasets are not equivalent. Forecasts issued during the watch/warning phase are typically made under intense media scrutiny and pressure, when the landfall threat is imminent and psychological factors that could potentially influence the forecast process would most come into play. However, the longer-range portions of forecasts issued during the watch/warning phase will often not be relevant to coastal areas. This is because the 48-and 72-h datasets consist only of forecasts for which a storm was expected to threaten land at an earlier projection, and these forecasts may or may not represent a longerrange threat. Therefore it is necessary to also consider those forecasts verifying during the watch/warning phase. This strategy has the advantage of capturing the landfall threats, regardless of whether the threat is short or long range. The disadvantage is that many of these forecasts will have been issued for storms still far from shore, up to 4-5 days from landfall, when threat levels, media attention, and public interest, that is, those factors that might induce a conservative forecast philosophy, are relatively low. Because of this, our interest lies primarily with forecasts issued during the watch/warning period; however, we will show that the conclusions to be drawn are similar regardless of which set of forecasts are considered.
Our analysis follows that of McAdie and Lawrence, except that we have updated their period of study to include the subsequent years through 2001. NHC official track forecast errors for the 24-, 48-, and 72-h forecast periods are compiled into annual averages, and then adjusted for forecast difficulty by comparing the average annual official forecast errors to forecast errors from a climatology/persistence model, CLIPER (Neumann 1972) . The adjustment process follows both McAdie and Lawrence and Powell and Aberson. As in the aforementioned studies, forecasts are not included in the verification if the initial or verifying intensity was below tropical storm strength. The adjusted forecast errors for each sample are given in Table 1. A linear trend of the adjusted errors was computed, in which each annual average error was weighted by the number of forecasts from that particular year. Analysis of long-term trends was first performed for the full sample of forecasts (essentially repeating the analysis of McAdie and Lawrence). A second analysis was then performed for just the landthreatening storms, that is, for those forecasts issued when U.S. mainland watches or warnings were in effect. The resulting trend lines are shown in Fig. 1 and the results are summarized in Table 2 .
For the sample of all Atlantic basin forecasts, trend lines at each forecast period indicate improvements, with annual average percentage improvements of 1.3, 1.9%, and 2.0% at 24, 48, and 72 h, respectively. These trend lines explain roughly 60%-70% of the variance in annual adjusted forecast error and are significant beyond the 99% level. | level. One should recall that failure of the 24-h trend line to reach the 95% significance level does not mean that there has been no long-term improvement in official 24-h NHC forecasts for storms threatening land. What the test tells us, in fact, is that the likelihood of finding a relationship this strong by chance where none exists is rather low (between 5% and 10%). The more reasonable conclusion to be drawn collectively from these three regressions is that NHC forecasts for land-threatening storms do show a longterm improvement trend. The second question noted above was whether forecast trends near land are different from those for the basin as a whole. The Chow (1960) test can be used to evaluate the equivalence of regression parameters (slope and intercept) of a sample split into subsamples-for example, the sample of all forecasts split into those made near land and those made away from land. However, this test cannot be applied to the annual average error trend lines computed above; in order to use the Chow test we must perform regressions on the individual forecasts themselves.
We have repeated the analysis of long-term forecast trends for the period 1970-2001, this time considering each forecast individually. Three regressions are performed: one for those forecasts issued when watches and warnings were in effect, one for those forecasts issued when watches and warnings were not in effect, and one for the entire sample of forecasts. As before, forecast errors are adjusted for difficulty, except that the adjustment is made to each individual forecast. It is no longer necessary to do a weighted regression to determine trend lines from individual forecasts; however, it is necessary to consider serial correlation in the significance tests, since Neumann et al. (1977) and Aberson and DeMaria (1994) suggested that independence may not be fully attained between forecasts separated by less than 24-30 h. Following Franklin and DeMaria (1992) , an effective sample size is calculated (using the more conservative 30-h criterion) and used to compute the F and Chow statistics as well as the degrees of freedom.
Results of these regressions are summarized in Table 3 . Not surprisingly, improvement rates for the watch/warning forecast errors are nearly the same as those computed previously from the annual average errors (Table 2) . However, because of the larger sample size associated with the individual forecasts, the level of significance of the trend lines has increased: the 24-h trend line is now significant at the 95% level and the 48-h trend line is significant at the 99% level. Repeating this analysis for forecasts verifying during the watch/warning phase gives similar results (Table 4 ). This increases confidence in our earlier conclusion that NHC forecasts for land-threatening storms are improving.
These calculations do support the notion, implied by Powell and Aberson and shown earlier in Fig. 1 , that forecasts for nonland-threatening storms improved more rapidly than those for storms threatening land, at least at 24 and 48 h. Examination of the trend lines in Fig. 1 shows that forecast accuracy is currently comparable for the land-threatening and nonland-threatening samples, but that this was not the case in the 1970s. In our view, changes in observing systems over time, in particular the increasing use of satellite observations in numerical models over data-sparse oceanic regions (which would preferentially improve the analysis of the hurricane environment in these regions), could account for this more plausibly than a "conservative" forecast philosophy on the part of the NHC. The different improvement rates found for the land-threatening versus nonthreatening forecasts is consistent with Powell and Aberson. However, our finding of improvement trends for land-threatening storms appears to contradict their assessment of a lack of improvement in landfall forecasts; indeed it is hard to accept the notion that NHC forecasts near land are improving but the specific landfall points contained within these forecasts are not. While the sample of forecasts that contain a landfall is clearly distinct from those forecasts that are issued when watches and warnings are in effect, the two samples should be quite similar in terms of forecaster philosophy, data availability, and model performance. The apparent contradiction in results could simply reflect the different methodologies and samples between our study and Powell and Aberson; however, another possibility is that there have simply been too few landfalls (an average of 5 yr -1 at 24 h and only 3 yr -1 at 48 h over the period 1976-2000, or only about 3% of the total number of forecasts issued) to extract meaningful and robust long-term trends in the accuracy of landfall forecasts.
We would like to close with some thoughts on the attention that is often attached to the precise location and timing of forecast landfall. The average official 24-h track error over the period 1992-2001 was 81 n mi (149 km). Precisely because of the errors associated with tropical cyclone forecasts, the NHC tries to focus attention away from the precise forecast track of the center. Coastal residents under a hurricane warning are risking their property and lives if they fail to respond adequately because they see an official forecast indicating landfall in some community other than their own. The "strike" probabilities, in combination with the forecast storm size and peak intensity, can be used to help those not directly in the forecast path of a hurricane assess their particular level of risk. While the timing and location of landfall of the center are important, particularly to the news media, it is not clear that given the current state of the art, these "forecast" parameters are of any more practical importance than, say, the 24-36-h forecast positions, which help determine the coastal warning zones, or the 36-48-h forecast positions, which help determine the location of the watch zones. Adding to the importance of the prelandfall portion of the forecast is that many preparedness activities cease with the arrival of tropical storm force winds along the coast. For a storm with a 150 n mi (278 km) radius of tropical storm force winds traveling at 5 kt (2.6 m s −1 ), this could occur 30 h in advance of landfall.
While the most severe hazards generally occur fairly close to the center, dangerous conditions associated with tropical cyclones cover a large area and may last for a day or more. In fact, a majority of the 600 U.S. deaths directly associated with tropical cyclones or their remnants for the period 1970-99 were associated with inland flooding (Rappaport 2000) . This distribution of hazards is difficult to assess from the official forecast track alone. The current level of uncertainty in tropical cyclone track forecasts, and the distribution of hazards, dictate that actions to protect life and property should be more closely tied to threats defined by the tropical storm or hurricane watches and warnings. 
